The biodegradation study of algal dissolved organic matter (DOM) released from Microcystis aeruginosa, Staurastrum dorsidentiferum and Cryptomonas ovata was carried out. The algal DOM released from Microcystis aeruginosa and Staurastrum dorsidentiferum is relatively stable, while a part of the algal DOM released from Cryptomonas ovata may be easily decomposed. Before biodegradation, two fulvic-like fluorescence peaks (A and B) and a protein-like fluorescence peak (C) and another peak with Ex/Em values of 320 -330/390 nm (peak D) were observed in the algal DOM released from three kinds of phytoplankton. The fulvic-like fluorophores may be refractory regardless of the kinds of phytoplankton, while protein-like fluorophores released from Microcystis aeruginosa and Staurastrum dorsidentiferum may be relatively refractory and those from Cryptomonas ovata may be unstable. Peak D in the surface water of Lake Biwa may be attributed to low-molecular-weight substances produced during cultivation and/or biodegradation of several kinds of phytoplankton. The ratios of the fluorescence intensities (RFI/DOC) of peak A to peak B in algal DOM (<1.0) were lower than those in soil Dando FA (1.8). On the other hand, no relationships between peak A and peak C were observed for three kinds of phytoplankton.
Introduction
In Lake Biwa, the largest lake in Japan, an annual increase of chemical oxygen demand (COD) has been observed since 1985, although the values of biochemical oxygen demand (BOD) and chlorophyll-a have been almost constant. 1 Similar phenomena were observed in other lakes such as Lake Kasumigaura and Lake Towada, and in inner bays such as Toyama Bay and Matsushima Bay. 2 These results suggest that refractory organic matter may have accumulated in lakes and inner bays, but the causes are not identified. [3] [4] [5] [6] The oceans are a major reservoir of reduced carbon, most of which occurs as dissolved organic matter (DOM). 7 It was reported that much of the DOM in the oceans is refractory, 8 however, little is known about the origin, structure and function of DOM and the reason for its refractory nature. 9, 10 Ogawa et al. showed that a natural inoculum of marine bacteria growing on labile compounds (glucose and glutamate) produce new DOM compounds that appear to be refractory for at least a year. 11 In our previous studies, [12] [13] [14] [15] we investigated DOM in Lake Biwa and the rivers to elucidate its origins and behavior. The main origin of hydrophobic acids in Lake Biwa may be humic substances from soils around the rivers that flow into Lake Biwa, while hydrophilic acids may be due to inner production by phytoplankton. [12] [13] [14] [15] However, as few studies about the contribution of inner production by phytoplankton to DOM have been carried out, three kinds of lake phytoplankton, Microcystis aeruginosa, Staurastrum dorsidentiferum, and Cryptomonas ovata, were cultivated, and the contribution of DOM released from the phytoplankton was evaluated with regard to cultivation. 16, 17 A significant peak (Mw: < 3 kDa) was mainly detected in the algal DOM released from plankton during cultivation by gel chromatography with a fluorescence detector (Ex = 340 nm, Em = 435 nm). Since this peak corresponds with the lower-molecular weight peak among the three peaks detected in the surface water of Lake Biwa, it can be concluded that the algal DOM released from the plankton during cultivation makes a considerable contribution to the refractory organic matter in Lake Biwa. Three fluorescence maxima were observed in the cultivation of three kinds of phytoplankton using a three-dimensional excitation-emission matrix (3-DEEM) technique: two fulvic-like fluorescence peaks (A and B) and a protein-like fluorescence peak (C). These peaks became larger as their cell counts of plankton increased. The ratio of hydrophilic DOM was fairly high in DOM produced by all three kinds of phytoplankton. 16, 17 In the present research, three kinds of plankton were cultivated, and the biodegradation of algal-derived DOM was evaluated for comparison with the results of DOM in Lake Biwa using gel chromatography with a fluorescence detector and 3-DEEM technique.
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Experimental

Reagents and apparatus
Humic and fulvic acids obtained from A-horizons of brown forest soil (Dando, Aichi, Japan) were used. Dando humic and fulvic acids prepared according to the methods developed by the International Humic Substances Society (IHSS) were supplied by the Japan Humic Substances Society and were used as a standard without further purification. All other chemicals were of the best commercial grade. Pure water was prepared using a Millipore Milli-Q water purification system. Three kinds of phytoplankton, Microcystis aeruginosa (NIES-109, Lake Yogo, Shiga), Staurastrum dorsidentiferum (NIES-665, Lake Biwa, Shiga), and Cryptomonas ovata (NIES-275, Tsuchiura, Ibaraki) were used; they were supplied by National Institute for Environmental Studies. Staurastrum dorsidentiferum of green algae and Cryptomonas ovata of the dark-brown whip hair algae were selected as a predominant algal species before 1985 and as a predominant algal species after 1985, respectively. 17 Microcystis aeruginosa of blue-green algae was also examined.
An optical plastic plankton counter (Matsunami Glass Ind. Ltd.) was used in counting the number of alga cells by an Olympus IX71N-22PH-D microscope. The apparatus used for HPLC was a Shimadzu LC-10AD chromatography pump equipped with a Shimadzu RF-10AXL fluorescence detector. The excitation and emission wavelengths were 340 and 435 nm, respectively. A Shimadzu C-R7A chromatopac was used for data analysis. The test samples were applied to a gel filtration column, Superose12 HR10/30 (300 × 10 mm i.d., Pharmacia Biotech) using a sample injector (Rheodyne 7125) with a 100-μl loop. A 0.01 M sodium hydroxide solution was used as an eluent at a flow rate of 0.4 mL min -1 . A TOC meter (Shimadzu TOC-V CSH) was used for the determination of DOC. A Shimadzu UV-160A spectrophotometer was used for the measurement of UV-absorbance (260 nm) of water samples. A Kubota KN-70 centrifuge was used for the fractionation of algal DOM. A Horiba F-51 pH meter and a TOA CM-60S EC meter were used for the measurement of the pH and the electric conductivity, respectively.
Cultivation and biodegradation of phytoplankton
The three kinds of phytoplankton were cultivated in an improved VT medium according to our previous study. 16, 17 Microcystis aeruginosa and Staurastrum dorsidentiferum were grown in one-liter (1 L) flasks at 20 C and 2000 lux under a 12 h:12 h light/dark cycle. Cryptomonas ovata was grown in a 1-L triangle flask at 15 C and 2000 lux under the same light/dark cycle. As for the biodegradation of algal DOM, 10 mL of Lake Biwa water (Otsu, June 2, 2008) was added to each 630 mL of improved VT medium in which each three phytoplankton had been cultivated for 31 days. Each sample solution in a 1-L triangle flask was kept at 20 C in the dark for 143 days. The 630 mL of Lake Biwa water was degraded in the same conditions as a reference.
The changes in time of BOD, COD, DOC, and E260 (absorbance at 260 nm) were measured in the cultivation and the biodegradation experiments. Dissolved organic substances were analyzed by using gel chromatography with a fluorescence detector, which was developed for the simultaneous determination of the concentration and molecular weight of humic substances. 13 The fluorescence properties of algal DOM were measured with a three-dimensional excitation-emission matrix (3-DEEM) using a fluorescence spectrophotometer, a Shimadzu RF-5300PC that allowed high-resolution fluorescence measurements by running with band pass width slits of 5 nm for both excitation and emission. The excitation wavelengths were scanned from 220 to 500 nm and the emission wavelengths from 250 to 600 nm with a wavelength scan speed of 1500 nm/min. Fluorescence readings were normalized by the fluorescence intensity (Ex = 345 nm/Em = 450 nm) of 10 μg/l quinine sulfate (0.05 M H2SO4 solution) 10 QSU. The values were treated as the relative fluorescence intensity (RFI). 16, 17 Procedure for the determination of DOM and humic substances in water samples of Lake Biwa
The water samples of Lake Biwa were collected at three sites in the northern basin; Imazu (St. 17B), Adogawa (St. 15B), and Minamihira (St. 12B), and one site in the southern basin, Katada (St. 9B) every month from July, 2008. 18 In the laboratory, all water samples were filtered through a membrane filter (0.45 μm, Millipore) as soon as possible to avoid biodegradation. Membrane filters were used after washing with 1 M hydrochloric acid and distilled water. Dissolved organic substances were analyzed by using gel chromatography with a fluorescence detector and 3-DEEM.
Results and Discussion
Time changes in the cell counts and DOC during the biodegradation of three kinds of phytoplankton
In this paper, the biodegradation of each algal DOM released from Microcystis aeruginosa, Staurastrum dorsidentiferum, and Cryptomonas ovata was carried out. The time changes in the cell counts of three kinds of phytoplankton during biodegradation are shown in Fig. 1(a) . The time changes in the DOC values caused by the biodegradation of each algal DOM released from three kinds of phytoplankton are shown in Fig. 1(b) . The cell counts of Microcystis aeruginosa and Staurastrum dorsidentiferum at the initial time were 1.0 × 10 7 and 1.8 × 10 4 cells/mL, respectively. The cell counts of phytoplankton decreased abruptly until the 40th day. The cell count of Cryptomonas ovata was 3.9 × 10 4 cells/mL at the initial time and decreased sharply until the 10th day. The DOC value for Microcystis aeruginosa increased until the 20th day, decreased until the 50th day, and was almost constant (ca. 12 mgC/L) after that until day 143 of incubation. The increase of DOC concentration for Microcystis aeruginosa indicates that intracellular organic matter and surface retained organic matter may be released by the cell death during biodegradation. The ranges in the DOC value for Staurastrum dorcidentiferum were 3 -5 mgC/L during biodegradation. The DOC concentration for Cryptomonas ovata (12.9 mgC/L) decreased up to 4.1 mgC/L until the 30th day and was almost constant after that. These results suggest that the algal DOM released from Microcystis aeruginosa and Staurastrum dorsidentiferum may be relatively stable, while a part of the algal DOM released from Cryptomonas ovata may be easily decomposed.
Fluorescence properties of algal DOM for the phytoplankton during biodegradation by gel chromatography and 3-DEEM
The time changes in the fluorescence of the algal DOM by gel chromatography with a fluorescence detector (Ex = 340 nm, Em = 435 nm) are listed in Table 1 . Gel chromatograms of surface water of Lake Biwa and algal DOM released from three kinds of phytoplankton after biodegradation for 103 days are shown in Fig. 2 . A significant peak (RT = 35 min; Mw: < 3 kDa) was detected in each algal DOM during cultivation. In the gel chromatograms of Microcystis aeruginosa and Cryptomonas ovata after biodegradation for 103 days, peaks 4 and 5 (RT = 38, 48 min) were detected in addition to peaks 2 and 3 (RT = 32, 35 min); however, the chromatogram of Staurastrum dorsidentiferum after biodegradation for 103 days was almost the same as that before the biodegradation. These results indicate that DOM with lower-molecular-weight than that of peak 3 (Mw: < 3 kDa) were produced during biodegradation of Microcystis aeruginosa and Cryptomonas ovata. Few changes in peaks 1 -3 (RT = 30, 32, 35 min) of Lake Biwa were observed relative to those in the early days, and peak 4 (RT = 38 min) was detected in addition to peaks 1 -3. These results suggest that DOM in Lake Biwa, which has peaks 1 -3, may be fairly refractory organic matter.
The 3-DEEM contour plots of the algal-derived DOM for three kinds of plankton at the initial time and after biodegradation for 143 days are shown in Figs. 3(M1) , (S1), (C1) and Figs. 3(M2) , (S2), (C2), respectively. The results are listed in Table 2 . Before the biodegradation, two fulvic-like fluorescence peaks (A and B) , a protein-like fluorescence peak (C), and another peak with Ex/Em values of 320 -330/390 nm (peak D) were observed in the algal DOM released from Microcystis aeruginosa, Staurastrum dorsidentiferum, and Cryptomonas ovata (Figs. 3(M1) , (S1), (C1)). After biodegradation for 143 days, peaks A, B, and D were observed for three kinds of plankton ( Figs. 3(M2) , (S2), (C2)). The intensity of peak C (10.94 QSU) for Cryptomonas ovata was about 30 times lower than that before the biodegradation. The intensities of peak C (46.53 and 8.39 QSU) for Microcystis aeruginosa and Staurastrum dorsidentiferum were 84.4 and 66.2% of their initial intensities, respectively. These results suggest that the protein-like DOM released from Cryptomonas ovata may be liable to decompose and that its properties may be different from those of Microcystis aeruginosa and Staurastrum dorsidentiferum.
The time variations in the fluorescent intensities of peaks A -D of algal DOM for three kinds of plankton measured by 3-DEEM are shown in Figs. 4(a) -4(d). Peaks A and D of DOM produced by Microcystis aeruginosa increased gradually, and the RFI values after biodegradation for 143 days were 1.5 -2.5 times those at the initial time. Peaks B and C increased fairly until the 20th day and decreased after that, and the values after biodegradation for 143 days were almost the same as those at the initial time. The changes in the values of the RFI of peaks A -D in Staurastrum dorsidentiferum and the surface water of Lake Biwa were small. The RFI values of peaks A, B, and D in Cryptomonas ovata decreased by ca. 50% until day 10 of biodegradation, and the values were almost constant after that. On the other hand, the RFI value of peak C in Cryptomonas ovata decreased abruptly and could hardly be detected after biodegradation for 10 days. The DOC values of DOM produced by Microcystis aeruginosa and Staurastrum dorsidentiferum after biodegradation for 143 days were almost the same as those at the initial time, while those of DOM produced by Cryptomonas ovata decreased by ca. 20%. These results suggest that fulvic-like fluorophores (peaks A and B) may be refractory without any connection to the kinds of phytoplankton, while Fig. 3 3-DEEM contour plots of the algal-derived DOM for three kinds of plankton at the initial time (M1, S1, C1) and after biodegradation for 143 days (M2, S2, C2). M1, M2, Microcystis aeruginosa; S1, S2, Staurastrum dorsidentiferum; C1, C2, Cryptomonas ovata. A, B, fulvic-like fluorescence peak; C, protein-like fluorescence peak; D, peak with Ex/Em = 320 -330/390 nm.
protein-like fluorophores released from Microcystis aeruginosa and Staurastrum dorsidentiferum may be relatively refractory and those from Cryptomonas ovata may be unstable.
In the water samples of Lake Biwa, two fulvic-like fluorescence peaks (peaks A and B) and a protein-like fluorescence peak (peak C) are usually observed by 3-DEEM , but peak D is almost not detected. However, a large peak D was detected at water depth of 0.5 m of Minamihira (St. 12B) on May 11, 2009, when a freshwater red tide of Uroglena americana occurred ( Fig. 5(a) ). The peaks (RT = 51, 53 min) were detected in the surface water of Minamihira (St. 12B) by gel chromatography with a fluorescence detector (Ex = 340 nm, Em = 435 nm) in addition to peaks 1 -3 (RT = 30, 32, 35 min), which are usually observed in the water samples of Lake Biwa. These results indicate that peak D in the surface water of Lake Biwa may be attributed to low-molecular-weight substances produced during cultivation and/or biodegradation of several kinds of phytoplankton, because peak D was also detected during cultivation and/or biodegradation of Microcystis aeruginosa and Cryptomonas ovata. The observed peak D is similar to the fluorescence of marine humic-like material reported by Coble; 19 the fluorescence material was reported to be hydrophilic DOM with a molecular weight of less than 500 Da, also detected in lake and river waters. 20, 21 
Relationships between the fluorescence intensities of peak A and peak B, and relationships between the fluorescence intensities of peak A and peak C in the algal DOM released from three kinds of phytoplankton
Time changes in the fluorescence intensities (RFI/DOC) of the fluorophores released from three kinds of phytoplankton during biodegradation are listed in Table 3 . The values of the fluorescence intensities (RFI/DOC) of the fulvic-like and protein-like fluorophores released from Microcystis aeruginosa and Staurastrum dorsidentiferum were in the ranges of 2 and 6 QSU (mgC) -1 L, and their changes were small. The values in parentheses are the ratios (%). The fluorescence intensities (RFI/DOC) of peaks A and B in algal DOM were smaller than those in soil Dando FA, which were 14.21 and 25.0 QSU (mgC) -1 L, respectively. On the other hand, in the case of Cryptomonas ovata, the values of the fluorescence intensities (RFI/DOC) of the fulvic-like fluorophores increased, and those of protein-like fluorophores decreased abruptly during its biodegradation. The relationships between the fluorescence intensities of peak A (x in RFI/DOC) and peak B (y in RFI/DOC), and the relationships between the fluorescence intensities of peak A (x in RFI/DOC) and peak C (y in RFI/DOC) in the algal DOM released from three kinds of phytoplankton are shown in Fig. 6 . The regression equations between peak A and peak B for Microcystis aeruginosa, Staurastrum dorsidentiferum, and Cryptomonas ovata were y = 0.534x + 2.34 (R 2 = 0.377), y = 0.826x + 0.52 (R 2 = 0.632), and y = 0.779x + 2.65 (R 2 = 0.894), respectively. The slopes of the regression equations between the fluorescence intensities (RFI/DOC) of peak A and peak B in algal DOM (<1.0) were lower than those in soil Dando FA (1.8). On the other hand, no relationships between the RFI/DOC values of peak A and peak C were observed for three kinds of phytoplankton. The results indicate that fulvic-like fluorescence DOM may be different from protein-like fluorescence DOM. The molecular weight of over 70% of fulvic-like fluorescence DOM (peaks A and B) from the plankton was estimated to be less than 3 kDa, and that of protein-like fluorescence DOM (peak C) was estimated to be over 30 kDa. 22 The spatial and seasonal distributions of DOM and fluorophores in Lake Biwa were investigated from July 2008 to December 2011. 18, 23 The DOC concentrations at water depth of 0.5 m of Minamihira (St. 12B, water depth ca. 60 m) were 1.00 -1.55 mgC/L; they tended to be high in spring to summer and low in winter, while those at 60 m were 0.81 -1.25 mgC/L and their seasonal changes were relatively small. The concentrations of DOC at 0.5 m were higher than those at 60 m when the thermocline was formed in Lake Biwa. The RFI/DOC values of peak A at 0.5 m were 1.79 -4.47 QSU (mgC) -1 L, and those of peak B were 3.55 -8.81 QSU (mgC) -1 L. The RFI/DOC values of peaks A and B at 60 m were 3.02 -6.22 and 6.09 -11.32 QSU (mgC) -1 L, respectively. The RFI and RFI/ DOC values of peaks A and B of the bottom waters were higher Fig. 6 Relationships between the fluorescence intensities of peak A and peak B (a), and relationships between the fluorescence intensities of peak A and peak C (b) in the algal DOM released from three kinds of plankton during biodegradation. , Microcystis aeruginosa; , Staurastrum dorsidentiferum; , Cryptomonas ovata. A, B, fulvic-like fluorescence peak; C, protein-like fluorescence peak. Fig. 7 Relationships between the fluorescence intensities of peak A and peak B (a), and relationships between the fluorescence intensities of peak A and peak C (b) from water samples of Lake Biwa (St. 12B Minamihira). Water depth: , 0.5 m; , 60 m. than those of the surface waters when the thermocline was formed at the northern basin of Lake Biwa. These results suggest that the fulvic-like fluorescence DOM in bottom waters might be affected by sediment humic substances. On the other hand, the RFI/DOC values of peak C at 0.5 m were 1.68 -5.38 QSU (mgC) -1 L, which were higher than those of bottom waters (1.76 -4.61 QSU (mgC) -1 L). As the RFI and RFI/DOC values of peak C in surface waters tended to be higher as the concentration of chlorophyll-a increased, protein-like fluorescence DOM may be mainly due to the inner production by phytoplankton. The relationships between the fluorescence intensities of peak A (x in RFI/DOC) and peak B (y in RFI/DOC), and relationships between the fluorescence intensities of peak A (x in RFI/DOC) and peak C (y in RFI/DOC) from water samples at water depth of 0.5 m and 60 m of Minamihira (St. 12B) are shown in Fig. 7 . Fairly positive correlations between peak A and peak B were obtained at water depth of 0.5 m {y = 1.80x + 0.60 (R 2 = 0.853)} and 60 m {y = 1.73x + 0.72 (R2 = 0.944)}, respectively. The higher slopes of the regression equations for peak B/peak A in DOM of Lake Biwa compared with those in algal DOM may be attributed to the contributions of not only inner production by phytoplankton but also of allochthonous humic substances. On the other hand, since relationships between the RFI/DOC values of peaks A and C could hardly be observed and the RFI/DOC values of peak C were similar to those of algal DOM, protein-like fluorescence DOM in Lake Biwa may be mainly due to the inner production by phytoplankton. The origin of DOM in natural waters could be evaluated by the analysis of the fluorescent characteristics of DOM.
